In order to accurately predict wave induced motions and load responses of ships, a new experimental methodology is proposed. The new method includes conducting tests with largescale models under natural environment conditions. The testing technique for large-scale model measurements proposed is quite applicable and general to a wide range of standard hydrodynamic experiments in naval architecture. For the needs of this study, a large-scale segmented self-propelled model was designed for investigating seakeeping performance and wave load behavior and for testing the systems, and relevant experiments were performed. A two-hour voyage trial of the large-scale model in order to perform a series of simulation exercises was carried out at Huludao harbor in October 2014. During the voyage, onboard systems, operated by the crew, were used to measure and record the sea waves and the model responses. The post-voyage analysis of the measurements, both of the sea waves and the model's responses, was made to predict the ship's motion and load responses of short-term at the corresponding sea state. Furthermore, the numerical analysis of the short-term prediction was made using an in-house code and the result was compared with the experiment data. The long-term extreme prediction of motions and loads was also carried out based on the numerical results of the short-term prediction.
Introduction
Accurate prediction of wave induced ship motions, hydrodynamic loads and the resulting structural response is of crucial importance in ship preliminary and contract design. For example, the design of the hull shape is mainly based on the prediction of seakeeping and resistance behavior during the navigational lifetime. Moreover, the structural design of ships depends on loads predicted by experimental or numerical methods, and the strength of the hull structure should neither be overestimated nor underestimated for the sake of both economic and safety factors.
Generally speaking, there are basically two different approaches of calculating the motions and load responses of a ship: rule book approach and direct calculation [1] [2] . Although the former is quite convenient at the preliminary design stage, one cannot easily obtain an optimal design for a specific ship. The latter approach seems to be a better choice than the former one in such cases. However, since the numerical problems involving the interaction of a moving irregular body with a fluid in the presence of free surface are quite complicated, tests are still indispensable for the fields of naval architecture and shipbuilding. Experimental studies do not only reliably reflect what happens on the ship, but are also used to validate the numerical results. However, there are also challenges regarding experimental studies. For example, the time and cost consumed in fabrication and performing experiments are much higher than those in numerical simulation.
The majority of ship hydrodynamic tests are carried out in towing tanks using smallscale ship models. The scaled ship models are towed in still water or in uni-directional, artificially generated, pseudo-random waves [3] . On the other hand, full-scale sea trials are believed to provide the most reliable and realistic data with respect to ship behavior in various environments. Therefore, more and more commercial and military ships are equipped with permanent monitoring systems to record the ship's operational data and responses to the current environment for the up-to-date decision making and long-term improvements to design and simulation tools. However, the cost and the time consumed for sea trials are tremendous. The extreme harsh sea conditions would be a huge threat for the crew and the ship [4] [5] [6] , which makes it not a universal method for ship design and hydrodynamic investigation.
In order to address the issues imposed by the small-scale and full-scale testing methods, large-scale ship model tests are conducted in natural environment conditions. The models are usually designed as self-propelled and radio-controlled. This methodology offers many advantages, such as reductions of scale effects and the suppression of any speed or other limitations associated with the specifications of the towing carriage and tank size. More importantly, the sea waves the model encounters are wind-generated short-crested nonlinear waves.
In some European countries, measurement techniques for large-scale models in natural environment conditions have been developed in the past decade [7] [8] [9] [10] . However, because of their high superiority, the present technical papers are, for the sake of confidentiality, limited to report model photos or introductory materials. In the year 2007, the Ship Environmental Adaptability Research Centre of Harbin Engineering University performed large-scale measurements at sea for the seakeeping performance and hull optimization of two novel ships. This was the first step of testing large-scale model's hydrodynamic behavior in the natural wave environment in China. The testing models are about 7 m long with a scale ratio of 1:19. The detailed information about the measurements is given in [11] [12] . With some problems encountered during the first-year trials, such as the power and communication systems not being steady enough, the second trials in the year 2009 were aimed at improving the testing systems by introducing new instruments onboard the model. The second-year results turned out to be much better than the first-year's [13] . However, in the authors' previous researches the ships were designed as rigid hulls, which could not reflect the elastic effects of ship girders. Furthermore, according to the authors' best knowledge, so far, there has been very little published literature related to the wave loads experiments performed using a large-scale segmented model in coastal sea [14] [15] .
In this study, a segmented self-propelled large-scale model for the investigation of wave loads behavior and seakeeping performance in coastal waves is presented. First, the model design and experimental procedures are presented. A 2-hour voyage trial performed at Huludao harbor proves that the proposed testing systems are reliable. Then, the examples of experimental results, including the sea waves measured and the model's motion and load response results are reported and analyzed by spectral method. Next, a comparative analysis of short-term extreme values between the experiment data and the statistical model results is made. Lastly, numerical simulations for both short-term and long-term predictions are made using an in-house code.
Design of experimental campaign

Model design
In order to investigate wave induced motions and load responses of a large-scale model at sea, a fiberglass-reinforced plastics segmented hull model with a steel backbone at its neutral axis was made with a scale ratio of 1:25. The model parameters are given in Table 1 . In the table, VCG and LCG denote vertical and longitudinal centre of gravity (COG), respectively. BL denotes baseline, and AP denotes after perpendicular. Kxx and Kyy denote transverse and longitudinal radius of gyration respectively. Where Kxx and Kyy are determined by the knowledge of seakeeping performance using the empirical formulas as follows:
where B denotes moulded breadth, L denotes length overall. The ship model was designed with 20 sections and was divided into seven segments by using the 2nd, 4th, 6th, 8th, 10th and 12th parts. The segmented hulls are connected by the backbone model. The segmented hulls are used to transfer the hydrodynamic loads experienced by the hulls to the backbone. The gaps between each two segmented hulls are provided to prevent mutual touching of the segmented hulls during the deformation of the backbone model in waves. The gaps are sealed by using latex rubber, which is watertight and elastomeric. Wave loads at the 2nd, 4th, 6th, 8th, 10th and 12th divisions, i.e. the sections between the segments, were measured by full-bridge strain gauges placed on the backbone.
The monolithic large space at the stern, which has, is used for installing the propulsion system between the 13 th and 20 th sections. The secondary level deck above the backbone model is used for the placement and fixing of all the testing equipment, batteries and iron blocks. The mass distribution and radii of gyration of the model are designed to be similar with the ship prototype, which is achieved by proper arrangement of all the components onboard the model following the calculation result. It is worthy to clarify that the superstructure of the model is not the realistic one. However, it is a simplified design of equivalent wind area with repect to real condition. A photo of the model before being launched into sea is shown in Figure 1(a) . The photo of the backbone system is shown in Figure 1(b) , which was taken after assembly of the segmented hulls in the laboratory. The view of onboard testing systems is presented in Figure 1 (c). The propulsion system, which includes four screw propellers and twin rudders, is shown in Figure 1 
Testing systems
The testing systems and the platform are of central importance for the experimental measurements. During the tests, the model works with the assistance of a workboat. The crew onboard the auxiliary workboat operates the model ship by radio to control that it runs as desired. The self-propelled unmanned model is equipped with all the technical devices necessary to carry out the experimental activities. These are described below.
(1) GPS/INS device GPS/INS device is used to measure and record simultaneously the information on the ship model's speed, position, and motions. Two GPS receivers are positioned on the ship's deck centerline, with one being positioned forward and the other one aft. Data sampled by the GPS/INS core unit at the COG of the model are transmitted to the auxiliary workboat via radio signal, and then processed in the laptop and exhibited to the crew. The interface for the model's detailed navigational information is shown in Figure 2 . In order to achieve testing schemes of different speeds and heading angles, a remote control system, whose working principle is shown in Figure 3 , was developed. The model's velocities and heading are shown on the interface in the auxiliary workboat. Inputs were done on the GPS/INS device to change the model speed or course.
The design speed of the ship prototype in an ordinary sea state is 18 knots, which corresponds to the model speed of 1.852 m/s. In an extremely sea state, the sailing speed is 5 knots, corresponding to the model speed of 0.514 m/s. The maximum speed of the ship prototype is designed as 24 knots, corresponding to 2.469 m/s of the model speed. Model resistance performance was calculated by the Fluent software and propellers thrust was checked by an empirical design method so that the model could be competent for all the testing schemes even in harsh seas.
Since motor revs are proportional to the exciting voltage, sailing speed regulation is realized by modifying the value of the exciting voltage. The control computer on the auxiliary workboat is used to enter the values of exciting voltage that would then transmit a voltage signal via the radio to the control box on the model ship. The signal entered into the control computer varies from 0 to 5000 mV. A value of 5000 mV is corresponding to the largest sailing speed of the model ship.
The twin rudders of the large-scale ship model are steered by an autopilot system, which is a commercial production of GARMIN Company. The autopilot system mainly comprises four components: the electronic control unit, the course computer unit, the user control interface, and the drive unit. The autopilot system controller, supported by a GPS-unit, is based on PID control algorithm. A course top is introduced to feedback the sailing course in real time. The hydraulic drive unit controls the angle of the rudders to keep or change course. The autopilot system takes care of the route of the model, and the only thing the steersman needs to do is to set or regulate the course through the user's control interface. DH5902 data acquisition system produced by DONGHUA Test Technology Company was adopted for the measurements. The measured data are recorded on its hard disk and the power is provided by a rechargeable battery. The start or stop of data acquiring is controlled by the pulse signal transmitted from the auxiliary workboat via radio, as can be seen in Figure  3 .
The main objective of the measurement was to measure the hull girder sectional vertical bending moment (VBM) in waves. In addition, ship motions, accelerations, slamming pressures and sea waves were measured. Vertical bending moments were measured by full bridge strain gauges placed on the backbone model. The typical data recorded by the GPS/INS device at the COG of the model during navigation were: ship trajectory, absolute speed, pitch, and roll. The vertical accelerations at the model bow 1st station, the amidships 10th station, and the stern 19th station were measured by accelerometers. The sampling frequency of strain gauges and accelerometers was set at 100Hz in this measurement.
Fourteen pressure sensors were disposed at the bow of the ship to measure the bottom slamming and flare impact pressure. The pressure sensors had a range from -0.1 to 1.0MPa and a measurement accuracy of ±0.25%FS (full scale). The input voltage was ±15V DC and the working temperature ranged from -20 to 80 degrees centigrade. The arrangement of the gauges on the model is shown in Figure 4 (a) and a photo of a pressure gauge is shown in Figure 4 (b). Generally speaking, the sampling frequency of the pressure sensors should be set not less than 1000Hz for model tests. However, the data acquisition system worked for several hours continuously during the sea trial. In order to save the data storage memory, we chose the frequency of 100Hz in this measurement, which is a compromise between the testing requirement and the available storage memory. Moreover, the main purpose for this paper was to study the load and motion responses of the model rather than the pressure response. A spherical buoy wave height meter, with an iron chain fitted at its bottom to lower the barycentre, was used for sea wave measurement. It had an accelerometer fitted near its COG to measure the instantaneous acceleration of wave surface elevation. The lower part of the buoy was immersed in water, and there was a spoiling flap in the middle of the buoy to reduce the swing motion. As it is light enough, about 35 kg, it was easy to transport, deploy and retrieve it from the auxiliary workboat by the two-person crew. Instantaneous acceleration data were acquired automatically at preset intervals or on demand. After acquisition and onboard processing, wave data could be downloaded via a UHF radio modem or a hardwire connection upon retrieval. The frequency for data acquisition was set at 50 Hz in the measurement, and each collecting time lasted about 10 minutes at a given location. The buoy wave height meter was located at different places for different measurements in the testing area so as to ensure that sea waves sampled were consistent with those acting on the model.
Trial arrangement
An exploratory large-scale model measurement was performed at Huludao harbor (GPS coordinate long. 40° 69′, lat. 120° 91′) of China in October 2014. The sea bay is large enough to allow the execution of any kind of hydrodynamic tests. The channel is well sheltered from the prevailing swell. For the model leaving the coast, the measurements were taken approximately 4~5 km southeast of the beach. During the measurement, winds blew from open seas towards the coast. Figure 5 shows the testing field and the voyage route for the trial. The trial was intended to act as a series of simulation exercises, which lasted about 2 hours. During the tests, the crew on the auxiliary workboat controlled the model to make it run at a given speed and course. Meanwhile, the buoy meter measured the sea waves. Typically the model would be in a radius of 1 km and occasionally up to 2 km from the buoy during the trials. Two cameras, one was supported by the crew onboard the auxiliary boat and the other one mounted onboard the model deck, recorded the tests simultaneously. All the testing crew earnestly cooperated in order to ensure the experimental platform system operating in a perfect condition, thus the measurements could proceed smoothly and successfully. It was important to have no interruptions in any of the model's operations.
Testing results
Analysis of coastal waves
During the sea trial, three measurements of the sea waves were taken at different locations and different times by the buoy, as shown in Figure 5 . The main direction of the wave propagation was the same as that of the generating wind direction, which was from the SSE during the measurements.
In order to visualize the composition of the wave energy in terms of significant wave heights and characteristic periods, the correlation function of the acceleration is derived as follows:
where, τ is time interval, and T is duration of the measured data. Then the Fourier transform of the formula above is carried out, from which spectral density function of wave surface vertical acceleration is derived as follows:
The wave spectrum density of free surface elevation is derived by two quadratures of the acceleration spectrum using the formula:
Then the significant wave height H1/3 and characteristic period Tz are calculated as follows:
where, mn denotes the nth order moment of the estimated spectrum density function. The coastal waves in sheltered water are definitely slightly different from deep-ocean waves due to shoaling, diffraction, refraction, and breaking of waves. In order to investigate further whether the nearshore waves in sheltered waters at Huludao harbor are similar to the deep-ocean's, a comparative study between the measured nearshore wave spectra and the ISSC double parameters spectrum of dimensionless form was carried out. In the dimensionless spectral analysis [16] , spectral density is usually adopted as S(ω) ·ωm/m0, where ωm denotes the spectral peak frequency. The spectral analysis results of the three measurements data were compared with the ISSC dimensionless double parametric spectrum of and the result is shown in Figure 6 . The significant wave heights and the corresponding characteristic periods obtained by the above-mentioned spectral method for the three measurements are 0.561 m and 3.267 s, 0.584 m and 3.013 s, and 0.570 m and 3.296 s, respectively. The wind and the waves were steady enough during the testing period, so it is reasonable to believe that all the testing schemes reported in this paper were carried out under the average sea state measured.
The agreement of the spectra in Figure 6 is tested by the average variance of the curves, and formula is expressed as follows:
where, Sξ(iω) denotes the value of scattered points in the dimensionless spectral result, Sξ ' (iω) denotes the value of target spectrum of corresponding frequency, n denotes the total number of scattered points in the 95% dominant energy range. The average variances of the three measurements are 0.017, 0.011 and 0.009, respectively. This shows that the waves the model encountered are in accordance with the ISSC spectrum and therefore are acceptable for the study of ship responses.
The directional wave density spectrum is supposed to be represented by a onedimensional spectrum, and a directional function, i.e.
where, D(ω,θ) defines the proportion of the total energy propagating at an angle θ to the mean wave direction. With the directional spreading function defined so that its integral over all possible directions is unity constant:
The directional function can be simply expressed as: Figure 7 shows the simulated directional wave spectrum corresponding to the measured sea state using the directional function in formula (11). According to the similitude law, the average significant wave height and the characteristic period are 14.3 m and 15.9 s corresponding to the ship prototype. It is almost the 9th level sea state for the real ship. So this paper presents the most critical test cases under severe sea conditions.
Motion and load responses in different sailing conditions
The analysis of data was conducted as a post-voyage process. Based on the data obtained from measurements, some critical test cases with different heading angles and sailing speeds were selected for the investigation of the wave induced motions and loads. Spectral analyses of the measurements were performed to calculate the significant amplitude values. The results of representative testing conditions selected from the trial are shown in Table 2 . In this study, pitch, roll, bow acceleration and VBM amidships are chosen for analysis, since they are representative of the wave-induced responses. The results of significant amplitude values were converted into the data of full-scale according to similitude law. From the results in Table 2 , it can be seen that responses of pitch, bow acceleration, and VBM amidships increase with the increasing forward speed in heading wave conditions. However, rolling motion depends little on the forward speed, and it is determined by heading angle and other factors. The rolling motion may even decrease with larger forward speed in some cases of heading waves. It is worth to mention that, when the model sailed in head seas, the roll motion was obvious with pronounced amplitude, which is quite different from the result obtained in the laboratory. In other words, sea waves spread along a dominant direction with components from different directions superimposed onto one another. The roll motion can be induced by component waves even when the ship runs against the dominant wave direction. However, the waves in the tank are usually unidirectional, thus the roll is nearly zero when performing head wave tests.
For the sake of clarity, typical time histories of representative signals are presented in Figure 8 . The sailing speed in this illustrated example is selected as the design speed, i.e. 18 knots for the ship prototype and 1.852 m/s for the model, and the heading angle is for head wave condition. Time histories of pitch and roll are illustrated in Figure 8 
Short-term extreme distribution with statistical model
For the further analysis of the measured data, short-term extreme values distribution of the responses under the corresponding sea condition is made. A ship which is often operated within a fixed route and task can control neither the environmental conditions nor the sailing conditions [17] . In this case, it is of great importance to estimate the ship's responses under the often encountered sea states. Statistical values such as maximum, minimum, and peakpeak (P-P) value of pitch, roll, bow acceleration and VBM amidships were extracted in every 20-second range from the measured time histories. The 20-second range method is widely used in the data analysis for the real ship sea trial to enhance the computer processing speed. It is considered that adjacent 20-second statistics are statistically independent of each other. Figure 10 shows maximum, minimum and peak-peak values of pitch, roll, bow acceleration and VBM amidships during every 20 seconds for the 130-minute voyage. As can be seen from the above figure, the tendency of vertical responses, i.e. pitch, bow acceleration and VBM amidships, are consistent with each other. Some notable large responses took place at the 12th, 31st, 65th, and 96th minutes as seen from the outliers in the figure. By checking the video playback, it was found that the model had encountered severe head waves at these times. From the experimental results, the roll response looks independent of the vertical responses and shows a different trend. For example, in the period from 100 to 130 minutes, the model travelled with a low forward speed or even stopped for some tasks at some time, so the vertical responses seem to be small, however, the rolling motion seems to be pronounced.
The commonly used statistical model, the Weibull distribution, is applied to the calculation of short-term extreme values. Graphical representations of the statistical peakpeak value with a histogram of the measured 130-minute recorded data as well as the Weibull fitted result are shown in Figure 11 . Each figure presents counts of wave induced component calculated from Figure 10 with respect to the peak-peak values of pitch, roll, bow acceleration and VBM amidships. There are 390 samples in total for each statistic. As seen from the histograms in Figure 11 , the statistics of motions shows a good agreement with the Weibull distribution. However, the statistics of acceleration and load show differences between the measurement and the Weibull statistical model because of the nonlinear response caused by severe waves. The extreme value is defined as the largest value of a random variable expected to occur once in n independent samples. Suppose X = (x1, x2, …, xn) are random samples of size n, and by arranging these random samples in order from the smallest to the largest we get Y = (y1, y2, …, yn), i.e. y1 is the smallest one and yn is the largest one in n samples [18] [19] . The largest one in n samples, yn, is called the extreme value.
Suppose the random variable X is of the Weibull distribution, then the probability density function and cumulative distribution function of variable x, which represents the statistics amplitude or peak-peak value, can be written as follows:
where, l and k are parameters of the Weibull distribution. The cumulative distribution function and the probability density function of Yn, the extreme value of random variable X, can be written as follows:
The probability that the response exceeds a specified value n Y , can be obtained by formula (14) , is that:
If the probability in formula (16) is β, then the extreme value is given as:
It is known that when β=0.632, the obtained extreme value is the most probable one, i.e. the value corresponding to the peak of probability density curve of formula (15) . Usually β=0.01 is selected in engineering applications. The comparative analysis of experimental results and predictions by the Weibull fitted functions is summarized in Table 3 . Since the estimation of extreme values is based on the peak-peak values, the extreme values obtained are also in the peak-peak form. As seen from Table 3 , the measured and predicted extreme values of motion responses, i.e. pitch and roll, show good agreement with each other. The errors of the predicted extreme values of pitch and roll responses are 3% and 8% respectively when compared with the experimental data. However, the extreme values of acceleration and VBM responses predicted by the Weibull function are 31% and 11% lower than the experimental data. The reason is that the simulation time of the trial is short, just slightly above two hours. Moreover, the speed and the direction angle during the trial are not constant. The severe slamming loads can also make the distribution of total load depart from the Weibull distribution, which can be explained by the fact that the instantaneous sagging loads caused by bow slamming may be several times larger than those caused by the low frequency wave loads. However, the predictions by the in the peak-peak form Weibull function assume that the loads are linear and stable, which is not suitable for slamming cases.
Numerical simulations
An in-house code, the Linear Elastic Wave Loads Calculation System (WALCS-LE), was used to predict the wave induced motions and load responses. The code is based on the linear frequency-domain hydroelasticity theory. Other details regarding the code can be found in [20] [21] . While the large-scale measurements provide valuable data in simulation of real vessel operations, the actual natural conditions cannot be controlled, such as the wave environments or the voyage period. Thus, the numerical method is also desirable to investigate the ship's long-term prediction of extreme values.
The procedure adopted for assessing the wave-induced motions and load responses is based on the transfer functions predicted by the linear theory. Since the time domain elevations such as waves and other response signals, could be regarded as a stationary Gaussian stochastic process in the linear theory, this satisfies the requirements of engineering accuracy. The wave induced motions and load responses are the output of a system that is linear to the input waves. The relationship between the incident waves and the output response in three-dimensional irregular waves can be expressed as follows:
where, ω is natural frequency, H1/3 is significant wave height, T is wave characteristic period, V is sailing speed, β is heading angle, θ is angle between component and main wave direction,
is response function of motions or loads, ) , , (
is transfer function of motion or load response, ) , , , (
is wave spectral density function.
The variance of formula (18), i.e. the volume below the curved surface of response function, can be derived by:
Characteristic values such as significant amplitude value of short-term responses can be obtained as follows:
Generally, the long-term prediction can be carried out by short-term responses with respect to various sea states, specified by the significant wave height H1/3, and the characteristic period TP, and then extended to the long-term prediction by considering the wave scatter diagram.
The probability of exceeding a given level x of response amplitude value, in a specified environmental condition, can be obtained by the Rayleigh distribution:
where, E[(H1/3,T)i, βj, Vk] denotes twice of the variance, and can be obtained by the formula:
The long-term distribution is obtained by summation of short-term probabilities of exceedance in all possible combinations of wave characteristic periods, significant wave heights, heading angles and speeds. In the long-term prediction of ship motions and loads responses at different navigational conditions, the probability of exceedance, i.e. the probability that X will be larger than x, is given as:
where, Pi(j,k) denotes the occurrence probability of the corresponding condition.
A completely independent calculation using formula (18) will be carried out for each sailing condition. In order to improve the computational efficiency, the conditions suffered during the ship's lifetime were simplified by dividing them into several discrete points. It is said in [19] that the discretization has little influence on the result and can be ignored. In this study, four sailing speeds were considered, i.e. 0 knots, 5 knots, 18 knots, and 24 knots, and the probabilities for each speed are equal. Heading angles ranged from 0 to 360 degrees and were divided into 24 representative values with the same interval of 15 degrees and the probabilities of each heading angle were assumed to be equal. The North Atlantic open sea area was adopted in this study and the wave data are shown in Table 4 . The ISSC double parameters wave spectrum is selected for the simulation of sea waves in all cases. It is assumed that the incident waves are short-crested and with the dimensional function of formula (11). In order to obtain the transfer functions H(ω, V, β+θ), the WALCS-LE was used to calculate the response of the ship prototype under different conditions. The generated hydrodynamic mesh of the ship prototype is presented in Figure 12 . This hydrodynamic mesh was used for the hydrodynamic analyses based on the linear frequency-domain hydroelastic method. The mesh has 1242 panels with a ratio of length to width of 2.5. In this simulation, the fluid domain was set with an infinite depth. Critical damping method was adopted for roll damping correction. The structural idealization of the backbone was by a beam model accounting for the stiffness longitudinal distribution. The calculation incident wave frequencies were set from 0.05 to 2 rad/s with a step of 0.05 rad/s. The results of response amplitude operators (RAOs) obtained by the code are summarized in Figure 13 . With the known wave energy spectra and the calculated frequency characteristics of the responses of the ship, the response spectra and the statistics of these responses can be made.
Results of short-term prediction
The numerical simulation results of the short-term prediction in the corresponding sea conditions (H1/3=14.5 m, Tz=15.5 s) are summarized in Figure 14 . The results are given corresponding to significant amplitude value. In order to compare the experimental and the numerical results of short-term predictions, the significant amplitude values of responses for head wave conditions corresponding to sailing conditions in Table 2 are summarized in Table 5 . The statistical result of the heading angles indicated that the heading directions were arbitrary and ergodic during the voyage trial. The short-term prediction of the ship's responses under combined average sailing conditions was made using the data in Figure 14 by assuming the probabilities of each heading angle and each speed to be equal. The comparative results by the experimental and numerical methods are shown in Table 6 . For the sake of completeness, a histogram representation of the response values is shown in Figure 15 . In the figure, the experimental response data are assumed to be unity, and calculated response data are the ratio of the calculation value to the experiment value. As shown in Figure 15 , the calculated results of the short-term prediction indicate good agreement with the experiment results for vertical responses, i.e. pitch, acceleration, and VBM. However, the numerical method overestimates the rolling motion of the ship by 18%. Figure 16 displays the long-term prediction results of probability of exceedance by numerical method for different sailing speeds. The results denote the response significant amplitude values. Probability of exceedance Q is the reciprocal of the number n, i.e. the number of waves encountered by a ship during the return period. Assuming that the average wave period is 6.3 s, then the probabilities of exceedance are 10 -7 and 10 -8 respectively corresponding to the 2-year and 20-year return periods. The predicted extreme values of the 2-year and 20-year return periods are summarized in Table 7 . As seen from Table 7 , the 20-year long-term predictions are about 13% larger than the 2-year predictions for all of the four responses in combined average conditions. The pitch, roll, acceleration, and VBM extreme amplitude values are 5.45, 24.11, 7 m/s 2 and 5400MN·m, respectively during the 2-hour voyage (see Table 3 ), and they are 29%, 43%, 22% and 4%, respectively lower than the long-term predictions of the 2-year return period in combined average conditions.
Results of long-term prediction
Conclusions
This paper presents a novel measurement technique for ship motions and load responses in real sea waves. The main advantage of the proposed method is that the tests are for shortcrested and wind-generated wave measurements. The ship models are complete with their superstructures and the winds, waves as well as currents interaction effects are considered. The tests are carried out at any arbitrary heading angles with less scale effects. This testing condition is much more realistic than the traditional tank condition. Moreover, the large-scale model measurements also have the advantages over full-scale sea trials. The cost for implementing large-scale tests is much lower than for full-scale sea trials and more extreme sea states can be easily encountered by the large-scale models.
A recent sea trial was performed at Huludao harbor in October 2014. The 2-hour voyage proved that the assembled testing platform was reliable enough. Based on this study, the following conclusions can be made:
(1) It has been proved by the experiments that the remote control systems and telemetry systems, which lay the solid foundation for the voyage trials, are stable enough to meet the experimental demands.
(2) It has been confirmed that the coastal waves in sheltered waters measured during the tests are similar to the deep-ocean waves by comparing the sampled wave spectra with the ISSC double parameters spectrum. Therefore, it is reasonable to carry out the measurements in coastal waves and extrapolate the results to the real ship responses in deep seas in this study.
(3) From the analysis of motions and load responses under different sailing conditions during the 2-hour simulation exercises, it can be clearly found that the six-degrees of freedom motions of the model in short-crested wind generated waves are coupled even when the model runs in head seas.
(4) The results of extreme values predicted by the Weibull fitted function show good agreements with the experimental data in motion responses, i.e. pitch and roll. However, extreme values of acceleration and load responses in severe seas predicted by the Weibull fitted function are underestimated. This can be attributed to the nonlinear effects caused by the severe waves during the trial.
(5) By comparing the results of short-term predictions in combined average sailing conditions by experimental and numerical methods, it is found that the results of vertical responses, i.e. pitch, roll and VBM, show good agreements, each with an error of less than 8%. The rolling motion response value by numerical method is 18% larger than the experimental value.
